Gallium zinc oxynitride powder and its nanocrystals were obtained by 
Introduction
Gallium nitride with nanostructures, such as nanowires, nanorods, and plate-like crystals, has been widely studied for various applications including nanoscale UV lasers, high-speed field effect transistors, and electron emitters [1] [2] [3] [4] [5] [6] . Their optical and electronic properties of gallium nitride are strongly dependent on the chemical composition and the morphology. A large number of investigations on the doping of GaN have been reported for many different dopant elements, such as Zn, Mg, Al, C, and Si [7, 8] . Lattice defects, such as gallium interstitials, gallium site vacancies, and oxygen impurities also affect the optical and electronic properties due to the formation of additional electronic levels into the forbidden band [9] [10] [11] .
Gallium oxynitride (GaNO), consisting of both oxide and nitride ions as its main anion component, has been prepared by nitridation of amorphous gallium oxide in an ammonia flow [12] . The GaNO adopting a wurtzite-like powder containing a few percent of Ni or Co additives [13] . Scanning 4 transmission electron microscopy (STEM) observation of GaNO nanowires indicates that the growth direction is parallel to the hexagonal c-plane, and there is a stacking disorder of several atomic layers between biphasic wurtzite and zinc-blende lattices along the hexagonal c-axis [14] . Cathodoluminescence (CL) spectra of GaNO nanowires revealed a broad emission and persistent photoconductivity (PPC) under UV irradiation [15] . Both the broad CL emission and PPC are considered to be induced by gallium vacancies caused by the oxide ion substitution of nitride ions in hexagonal GaN.
ZnO doping of GaN forms wurtzite-type Ga 1-x Zn x N 1-x O x (GaZnNO) solid solutions and has been reported to improve the crystallinity by decreasing the number of gallium vacancies [16] . However a formation of cation vacancy and its relationship to the optical property have not investigated in the literature. The oxynitride solid solutions have been widely studied for an application as a visible light-driven photocatalyst for the overall water splitting reaction [17] [18] [19] [20] . GaZnNO has been prepared by several preparation methods; ammonolysis of Ga 2 O 3 and ZnO mixtures, crystalline ZnGa 2 O 4 , and Ga-Zn layered double hydroxides, and nitridation using urea as a nitrogen source [21] [22] [23] . Cationic vacancies have been neglected in discussions on the optical and catalytic properties of GaZnNO. 5 To the best of our knowledge, there have been only a few reports on the nanostructural control of the GaZnNO [24, 25] . Nanowires of the Ga 1-x Zn x N 1-x O x solid solution have been synthesized with a relatively low Zn content of less than x = 0.12, and their electronic properties were reported in relation to the Zn contents [24] .
Control of the growth of GaZnNO nanocrystals may provide a possibility to improve the properties, such as CL emission, catalytic activity and electronic conductivity due to improved crystallinity. In the present study, GaZnNO powder and nanocrystals were obtained by an ammonolysis reaction of ZnGa 2 O 4 without NiO and on a NiO compact as a catalyst, respectively. The morphology, growth mechanism and optical properties of the GaZnNO nanocrystals were investigated, and the CL emissions of both powder and nanocrystals are discussed in relation to gallium site vacancies. , respectively. Elemental analysis was also performed using energy dispersive X-ray spectroscopy (EDX). CL spectra of the nitrided products were measured at room temperature using FE-SEM at an accelerating voltage of 15 kV attached to a CL system (SU6600CL, Hitachi).
Experimental procedure

Results and discussion
3.1. Gallium zinc oxynitride powder GaNO grains as the nitridation product from Ga 2 O 3 . The nanowires have smooth surfaces and the morphology was similar to that previously reported for nanowire prepared by nitridation of an amorphous Ga-Ni oxide [13, 14] . The previous nanowires grown from the amorphous precursor contained a large amount of cation vacancies and a stacking disorder [14] . The number of nanocrystals in the nitrided product increased for preparation from the ZnGa 2 O 4 precursor on a NiO pellet, as shown in Fig. 2 For the 0 h nitridation, the cooling step was started just after the heating temperature reached to the setting value (750 °C) without a holding time. For a nitridation time of 0 h, thinner plain nanowires with smooth surfaces appeared with large grains, as shown in Fig. 4(a) . Very small amount of Zn below 5% was observed in the EDX measurement of the smooth nanowires. The morphology was similar to the nitrided products obtained from a Ga 2 O 3 precursor. By extending the duration time up to 5 h, the amount of nanowires increased and small grains were precipitated on the surface of the thicker plain nanowires (Fig.   4(b) ). The Zn/Ga ratio on the nanowires increased to about 15/85. After a 11 duration time of 10 h, triangular grains covered the surface of the plain nanowire (Fig. 4(c) ). The growth mechanism was speculated from the morphological changes as follows. The nanowires at the initial stage (Fig. 4(d) ) were similar to the GaNO plain nanowires grown from a Ga 2 O 3 precursor. Gallium oxide-rich residual may be present on the NiO pellet due to the higher vapor pressure of This powder suggests the wurtzite structure and thus a small amount of cation vacancies should be present in the structure. The effects of cation vacancies, V Ga , and oxide ion substitution, O N , on the emission spectra have been reported for wurtzite type GaN [9, 10] . The yellow emission at 2.2 eV has been assigned to a correlation of V Ga and O N [9] . Zn-doped GaN has also been reported to exhibit blue emission due to a Zn accepter level. In this study, both O N and V Ga may produce the slightly lower emission around 2.1 eV due to a coexistence of Zn Ga which forms an accepter-like level. The anion composition of the rod-like nanocrystals was not estimated due to the difficulty in measurement of a precise O/N ratio from TEM-EDX spectra. Although the entire chemical composition of the rod-like nanocrystals was not clear, the similar CL emission spectra (peak energy and broad emission) for the GaZnNO nanocrystals and powder imply the 14 presence of cation vacancies in the nanocrystals. Cation vacancies have also been reported in spinel-type gallium and aluminum oxynitrides [33, 34] .
Wurtzite-type Al-O-N polytypoids also contains several amount of cation vacancies [34] . Anion site splitting model in wurtzite-type Ga 1-x Zn x N 1-x O x (x = 0.115) has been suggested by a structural refinement using a synchrotron X-ray diffraction data [32] . The anion site splitting implies a formation of stacking disorder in the hexagonal wurtzite and cubic zinc-blende lattices indicating a cation deficient layer in the structure as observed in GaNO nanowires [14] .
Further detailed investigation is required on the precise estimation of the chemical composition and cation vacancies in relation to the optical property of the nanocrystals.
Conclusion
Gallium zinc oxynitride powder containing a small amount of cation vacancies was obtained by nitridation of ZnGa 2 O 4 at 750 °C under NH 3 flow. The crystallinity was improved with respect to that observed for gallium oxynitride.
Rod-like nanocrystals of gallium zinc oxynitride formed on a NiO catalyst pellet had a sawtooth-like appearance with triangular grains on the nanorod surfaces. 15 The nanocrystals with a Ga/Zn ratio of 0.80/0.20 exhibited a broad CL emission at 2.1 eV, similar to the gallium zinc oxynitride powder. Cation vacancies may be present in the oxynitride nanocrystals, as observed in the powder products, which may lead to the smaller CL emission energy through a cooperative effect between Zn substituted on Ga sites and oxide ions in the wurtzite lattice. wurtzite type GaN [27, 28] are also presented. wurtzite type GaN [27, 28] are also presented. 
